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Abstract. In the present work, an experimental investigation of spray atomization of different liquids has been 
carried out. An air-assist atomizer operating at low injection pressures valued (4 and 6 bar) has been used to 
generate sprays of (diesel fuel, 5, 10, and 15% water-emulsified-diesel), respectively. A Photron-SA4 high 
speed camera has been used for spray imaging at 2000 fps. 20 time intervals (from 5 to 100 ms with 5 ms time 
difference) are selected for analysis and comparison. Spray macroscopic characteristics (spray penetration, 
dispersion, cone angle, axial and dispersion velocities) have been extracted by a proposed technique based on 
image processing using Matlab, where the maximum and minimum (horizontal and vertical) boundaries of the 
spray are detected, from which the macroscopic spray characteristics are evaluated. The maximum error of this 
technique is (1.5% for diesel spray) and a little bit higher for its emulsions. 
1 Introduction 
Atomization is important in combustion, since most of 
the combustion systems (such as internal combustion 
engines and industrial furnaces) work on liquid fuels that 
cannot be used before being atomized. And it is essential 
in increasing combustion efficiency in such systems 
because of the high liquid surface to mass ratio generated 
after atomization, which in turn leads to higher rates of 
evaporation and mixing, and then combustion [1]. 
Atomization is defined as the conversion of liquid from 
its bulky form into a spray of droplets and other physical 
dispersions of small particles in a gaseous environment. 
This could take place due to the kinetic energy of the 
liquid being atomized, or by being in contact with high-
velocity gaseous substance, or as a result of an external 
force. Despite how the sheet is produced, its instability is 
increased by the surrounding aerodynamic disturbances, 
causing it to spread out from the nozzle with a decrease in 
its thickness and perforations that take place and develop 
toward each other creating threads and ligaments. The 
collapse of these ligaments with each other leads to the 
formation of variable size droplets. The size of these 
droplets is determined by the liquid sheet initial 
thickness, velocity gradient between the liquid and the 
surrounding gas, and liquid physical properties (mainly 
viscosity and surface tension). However, disintegrating 
the liquids into small drops is not the only objective of 
the atomization process, but it is important to ensure a 
uniform, symmetrical spray is released to the surrounding 
gas [1].  
Characterizing atomization and spray formation is 
possible currently due to the tremendous improvements 
in instrumentation and measuring techniques. According 
to these techniques, spray characteristics can be divided 
into macroscopic characteristics (such as penetration, 
cone angle, radial dispersion, and axial velocity) and 
microscopic characteristics (such as droplet diameters 
and droplet distribution), where almost all the studies 
related to sprays and liquid atomization are carried out for 
investigating one or more of these characteristics. These 
studies examined the effects of heat transfer [2-3], cavity 
in flow [4-5], acoustic excitation [6-7], liquid and 
ambient temperatures [8-10], shear in the flow [11], and 
many other phenomena on those characteristics. 
Conversely, different optical techniques have been 
used for spray investigation. Of these techniques; the 
Phase Doppler Particle Analyzer (PDPA) which has been 
used extensively for investigating spray characteristics 
for different liquids [12-16] and for high-pressure 
common rail [17] and liquid–liquid coaxial swirl injectors 
[18-19], in addition to velocity gradients [20-21], and 
transient atomization [22]. Mie Scattering is another laser 
technique that has been used by [23-27] to investigate the 
characteristics of sprays generated by flash-boiling, 
pneumatic atomization, slit, piezo-electric, and port fuel 
injectors respectively. While Laser Induced Fluorescence 
(LIF) was used to visualize spray atomization [28-29], in 
addition to the Nd:YAG laser [14, 21, 30-37] and other 
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laser techniques mentioned in [12, 38-48]. Shadowgraphs 
are used as well in spray atomization investigations either 
individually [49-52] or accompanied by another optical 
technique such as laser-based techniques [25, 28] and 
high speed camera [53]. However, combining 
shadowgraphy with other techniques is almost useful, 
since shadowgraphs detect the flow configuration and the 
other system spots the allocation of spray droplets 
accurately [28]. Whilst, high speed imaging has been 
used by [9, 18, 34, 42, 49, 55] for demonstrating the 
dynamic characteristics of the resulting sprays. Since it 
gives the opportunity to investigate particles in the range 
of 10 and 10,000 μm in size. Where, instability and non-
uniformity at different circumferential positions in the 
spray can be clearly detected. Flow patterns and 
turbulence within the sprays could be well recognized as 
well.  
On the other hand, diesel fuel is of great importance 
in energy production by combustion, especially in the 
compression ignition engines, where, diesel fuel is 
injected into the compressed high temperature air in the 
form of spray. Therefore, spray characteristics of diesel 
fuel represent a dominant parameter in combustion 
efficiency and engine performance. Though, a number of 
studies have been conducted to investigate and describe 
these characteristics both macroscopically and 
microscopically. These studies focused on different 
parameters affecting spray characteristics of the diesel 
fuel. Where [17, 37, 44, 58-59] investigated the 
macroscopic spray structure and spray characteristics of 
diesel sprays generated by common rail type high-
pressure injector for the diesel engines. While [60-61] 
aimed to improve diesel atomization by adding dissolved 
gases (CO2 and CH4 respectively) into the liquid. 
Whereas [62-63] studied the characteristics of diesel 
sprays generated by acoustic and electrostatic atomization 
techniques respectively. Additionally, [14] described an 
experimental and numerical model on microscopic 
droplet behaviors and macroscopic atomization 
characteristics of diesel and bio-diesel fuels under the 
conditions of air cross-flow. 
The effect of emulsifying fuel by water on the spray 
characteristics of the resulting bi-component product has 
been studied from different sides, where [54, 64-66] 
studied the atomization of the emulsions flowing through 
twin-fluid, swirl, and effervescent atomizers respectively, 
while [67-68] investigated the secondary atomization of 
an emulsified fuel.  
From the previous discussion, it is obvious that 
optical diagnoses have been used extensively in spray 
atomization, where the mentioned techniques and a lot 
more; contributed on going far in the exploration and 
understanding of spray atomization and the different 
associated processes. However, different requirements 
have to be verified in order to get the full advantage of 
spray imaging. Of these requirements is the automation of 
analysis due to the vast amount of images that are 
obtained for every test. Therefore, efforts are directed 
towards developing automatic image analysis methods, 
such as those developed by [69-70]. 
In this work, the macroscopic characteristics of 
different liquid sprays generated by an air-assist-atomizer 
are investigated. This investigation has been carried out 
using high speed imaging of the flow field, then 
analyzing the obtained images by digital image 
processing using Matlab for extracting the required 
features related to time. The aim of this work is to use 
image processing tools in Matlab for automatic detection 
and analysis of the different macroscopic features of 
liquid fuel spray. 
2 Experimental Setup 
The schematic drawing of the experimental setup is 
shown in figure 1. Where an air-assisted spray gun with 
(1.3 mm) diameter nozzle used to generate sprays 
horizontally. This gun is connected to an air compressor 
(of 8 bar max pressure) with an air valve in the flow line. 
Compressor pressure values have been set to (4 and 6 
bar) for each liquid. A Photron-SA4 camera has been 
used for imaging during the test. Imaging conditions are: 
frame rate (2000 fps), resolution (1024x1024), and 
shutter speed (1/s). Three light sources have been 
installed perpendicular to the spray gun axis in the (Y and 
Z) directions with a light absorbing dark gray background 
to capture the spray images. Diesel fuel has been tested in 
addition to three diesel emulsions of water concentrations 
(5, 10, and 15% respectively). The emulsions are 
prepared in the liquid container immediately just before 
starting the test to avoid deposition and component 
separation. For each test, the spray gun trigger is operated 
Figure 1: Schematic drawing of the experimental setup. 
 
3 Results and Discussion 
The images collected from experiments have been 
processed using Matlab, where an algorithm has been 
written to read, rename, enhance, and then analyze the 
selected image (or images) as shown in figure 2. Image 
analysis starts with binarization, then thresholding, and 
edge detection. Thereafter, the maximum and minimum 
boundaries (both horizontally and vertically) are 
estimated to evaluate spray axial penetration and radial 
dispersion respectively.  
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just once, and an intermittent spray is produced. 
Figure 2: Flowchart of the image processing program. 
 
The suitable value for thresholding has been found by 
investigating a series of values starting from (10) to (60) 
marching (10) during the whole period of injection for the 
two injection pressures and all the liquids under study. 
Figures 3 and 4 show samples of these threshold 
comparisons at 25 ms after injection for the two pressure 
values.  
Figure 3: Samples of spray image threshold at 4 bar pressure. 
Figure 4: Samples of spray image threshold at 6 bar pressure. 
 
The parameters selected for comparison are the spray 
projected area and cone angle, where these two 
parameters are the mostly affected characteristics by 
changing the threshold value, since they are related to the 
boundaries of the spray. Therefore, the resulting spray 
projected area and cone angle have been compared with 
those corresponding values of the original images and the 
percentage errors for both pressures have been evaluated 
and presented in figures 5-8 respectively. From figures 5 
and 6 it is shown that the minimum error in the resulting 
area occurs at thresholds (20 and 30) for the 4 and 6 bar 
pressures, where the errors at these values for 4 bar are 
about (1%) for both diesel fuel and 5% water-emulsified 
diesel, <10% and < 15% for 10% water-emulsified diesel 
and 15% water-emulsified diesel respectively. While the 
errors at 6 bar are almost <5% for the 4-liquids at 
threshold (30).  
 
Figure 5: Percentage error in spray area estimation at different 
thresholds, at 4 bar pressure. 
 
Figure 6: Percentage error in spray area estimation at different 
thresholds, at 6 bar pressure. 
 
Figure 7: Percentage error in spray cone angle estimation at 
different thresholds, at 4 bar pressure. 
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Figure 8: Percentage error in spray cone angle estimation at 
different thresholds, at 6 bar pressure. 
 
Figures 7 and 8 show exactly the same scenario for 
errors in cone angle with <10% error for almost all 
liquids at 4 bar and <5% for all liquids at 6 bar. 
Therefore, the thresholds (20 and 30) have been selected 
for the analysis of sprays generated by 4 and 6 bar 
injection pressures respectively.  
The analysis incorporated 20 time intervals starting (5 
ms) to (100 ms) marching (5 ms), where the images 
acquired from the 4-liquids testing under 4 and 6 bar 
injection pressures have been processed according to the 
flowchart in figure 2 and the obtained data has been 
presented in figures 9-19 describing spray penetration, 
axial velocity, dispersion, radial velocity, and cone angle 
respectively. In these figures, and for simplicity, the (5, 
10, and 15%) water-emulsified diesel fuels will be 
assigned as (5% water, 10% water, and 15% water 
respectively). 
Figures 9 and 10 show the increase of penetration of 
the 4 liquids with time at 4 and 6 bar injection pressures 
respectively. Form these figures it can be noticed that at 
early time after injection (5 ms), injection pressure almost 
has no effect on the axial penetration of all liquids, in 
contrast to the other time intervals where it is obvious 
that increasing injection pressure leads to an increase in 
spray penetration. It can be noticed as well that the 
penetrations of the four liquids are almost the same. 
Figures 11 and 12 show the decrease of axial velocity of 
the 4 liquids with time at 4 and 6 bar injection pressures 
respectively. This velocity is obtained by tracking the 
difference in traveled distance of the spray on the selected 
time interval. From the figures, it can be seen that axial 
velocity is proportional to injection pressure, and that 
after about (40 ms) after injection, and for a given 
pressure, all liquids will have almost the same velocity, 
which means that liquid properties have no dominant 
effect in controlling spray axial velocity compared to 
injection pressure. Additionally, it can be noticed that the 
axial velocity of diesel emulsions are higher than that of 
pure diesel which could be related to the dynamic 
viscosity which is higher in the bi-component mixtures 
than in those single-component base liquids [71]. This is 
clearly presented in figure 13 which shows the average 
axial velocity of the 4-liquids at 4 and 6 bar injection 
pressures. Where, the average velocity of the diesel fuel 
spray is lower than those of its emulsions at a given 
pressure.  
Figure 9: Spray penetration versus time for the 4-liquids at 4 
bar injection pressure. 
 
Figure 10: Spray penetration versus time for the 4-liquids at 6 
bar injection pressure. 
 
Figure 11: Axial velocity versus time for the 4-liquids at 4 bar 
injection pressure. 
 
Figure 12: Axial velocity versus time for the 4-liquids at 6 bar 
injection pressure. 
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Figure 13: Average axial velocity of the 4-liquids at 4 and 6 bar 
injection pressures. 
 
Figures 14 and 15 show the dispersion distance of the 
spray of the 4 liquids with time at 4 and 6 bar injection 
pressures respectively. Form these figures it can be 
noticed that at early time after injection (5 ms), the 
dispersion distance of all the liquids is almost the same 
for the two pressures, which is similar to the axial 
penetration shown in figures 9 and 10. However, for the 
later time periods (10-80 ms), it is obvious that injection 
pressure is effective in increasing dispersion distance, 
where, the dispersion in 6 bar pressure is almost (1.5-2) 
times that corresponding distance at 4 bar and the same 
time. Thereafter, the distances level out for both 
pressures. It can be noticed as well that all the liquids 
almost reach their maximum dispersion at the same time 
at a given pressure, and that this time is inversely 
proportional with injection pressure (80 and 100 ms) for 
4 and 6 bar respectively. Additionally, the dispersion of 
diesel fuel at a given pressure is almost higher than those 
of its emulsions except the dispersions of the 10% water-
emulsified diesel, as shown in figure 16 that demonstrates 
the maximum dispersion of the 4-liquids at the 4 and 6 
bar pressures. This could be related to the physical 
properties of the liquids under study, where the surface 
tension of diesel is lower than those of its emulsions [71], 
therefore its resistance to rapture is less and its dispersion 
is higher. Furthermore, by comparing the penetrations 
and dispersions of the same liquids at the same pressure 
and instant of time, it can be observed that the dispersion 
of the liquid is about (1/3) its penetration, and that 
dispersion is instantaneously irregular compared to 
penetration. 
Figures 17 and 18 show the decrease of dispersion 
velocity of the 4 liquids with time at 4 and 6 bar injection 
pressures respectively. This velocity is obtained by 
tracking the difference in traveled distance of the spray 
on the selected time interval. From the figures, it can be 
seen that dispersion velocity is proportional with 
injection pressure, and that after about (50 ms) of 
injection, and for a given pressure, all liquids will have 
almost the same velocity, which means that liquid 
properties have no dominant effect in controlling 
dispersion velocity compared to injection pressure. It can 
be noticed as well that all liquids almost have the same 
dispersion velocity with diesel being a little bit the 
highest in all time intervals. In addition, by comparing 
the dispersion velocity with the axial velocity in figures 
11 and 12, it can scrutinized that the axial velocity is 
about (1.5 – 2) times the dispersion velocity, and that the 
rate of decrease in axial velocity about twice that of 
dispersion velocity. 
The average spray cone angle of the 4 liquids at 4 and 
6 bar injection pressures is shown in figure 19. From this 
figure, it can be seen that the spray cone angle is 
proportional with injection pressure, and that it is 
inversely proportional with water content, where it is the 
highest in diesel spray and decreases by water emulsion 
until reaching the lowest values among the four liquids in 
15% water-emulsified diesel. Additionally, it can be 
inferred that the rate of change cone angle with pressure 
is inversely proportional with water content as well, 
where the cone angle of pure diesel fuel increased from 
59° to 74° by increasing pressure from 4 to b bar i.e., 15° 
of increase compared to 13°, 11°, and 10° of increase for 
the 5%, 10%, and 15% water emulsified diesels 
respectively.  
From the previous discussions, it can be concluded 
that the utilized processing technique is beneficial in 
extracting the macroscopic characteristics of the spray 
with acceptable errors (almost <5%) within the selected 
threshold values under certain injection pressures. 
Therefore, using this technique gives the possibility to 
estimate spray penetration and dispersion, and then 
evaluate axial and dispersion velocities and the average 
cone angle in accordance to the estimated penetration and 
dispersion values. 
Figure 14: Radial dispersion versus time for the 4-liquids at 4 
bar injection pressure. 
 
Figure 15: Radial dispersion versus time for the 4-liquids at 6 
bar injection pressure. 
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Figure 16: Maximum dispersion distance of the 4-liquids at 4 
and 6 bar injection pressures. 
Figure 17: Radial velocity versus time for the 4-liquids at 4 bar 
injection pressure. 
 
Figure 18: Radial velocity versus time for the 4-liquids at 6 bar 
injection pressure.  
Figure 19: Spray cone angle of the 4-liquids at 4 and 6 bar 
injection pressures. 
 
4 Conclusions 
From the previous discussions, the following conclusions 
can be outlined: 
• The utilized processing technique is beneficial in 
estimating the macroscopic characteristics of the 
spray with an error below 5% for most of the cases 
studied. 
• The suitable threshold values for this technique are 
(20) for sprays at 4 bar injection pressure, and (30) for 
6 bar injection pressure.   
• Axial and dispersion penetrations are almost the same 
at the early stages of injection suggesting that at these 
stages the thermophysical properties of the liquid 
have no effect on controlling spray characteristics 
compared to injection pressure. 
• The dispersion of diesel fuel at a given pressure is 
almost higher than those of its emulsions. 
• At a given pressure, the axial penetration of the liquid 
is about (3) times its dispersion at any instant of time. 
• The axial velocity of the diesel fuel is less than those 
of its emulsions, and its dispersion velocity is higher. 
• The axial velocity is about (1.5-2) times the 
dispersion velocity, and the rate of decrease of axial 
velocity is almost about twice that of dispersion 
velocity for almost all the liquids under study. 
• For a given pressure, the cone angle of diesel fuel is 
higher than those of its emulsions. 
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